ABSTRACT There is a threat for dengue virus (DENV) reemergence in many regions of the world, particularly in areas where the DENV vectors, Aedes aegypti (L.) and Aedes albopictus (Skuse), are readily available. However, there are currently no accurate and reliable diagnostic methods to provide critical, real-time information for early detection of DENV within the vector populations to implement appropriate vector control and personal protective measures. In this article, we report the ability of an immuno-chromatographic assay developed by VecTOR Test Systems Inc. to detect DENV in a pool of female Aedes mosquitoes infected with any of the four viral serotypes. The DENV dipstick assay was simple to use, did not require a cold chain, and provided clear results within 30 min. It was highly speciÞc and did not cross-react with samples spiked with West Nile, yellow fever, Japanese encephalitis, Rift Valley fever, chikungunya, Venezuelan equine encephalomyelitis, Ross River, LaCrosse, or Caraparu viruses. The DENV assay can provide real-time critical information on the presence of DENV in mosquitoes to public health personnel. Results from this assay will allow a rapid threat assessment and the focusing of vector control measures in high-risk areas.
people living in areas where the virus is prevalent. DENV infections cause more morbidity and mortality in humans than any other arboviral disease (Guzman and Kouri 2002 , Farrar et al. 2007 , Wang et al. 2007 with Ϸ50 Ð100 million cases of dengue fever leading to Ϸ25,000 deaths annually worldwide (Gubler 1998, Gibbons and . DENV infections are often asymptomatic but may also present with fever, headache, joint pain, muscle pain, and/or bone pain. The more serious forms of the disease may be lifethreatening. These include dengue hemorrhagic fever and dengue shock syndrome (Balmaseda et al. 2006) . DENV has recently re-emerged in the continental United States of America with 28 cases reported in Key West, FL, from September 2009 to April 2010 (Centers for Disease Control and Prevention [CDC] 2010, Radke et al. 2012 ). This represents the Þrst DENV outbreak in the continental United States outside of Texas since 1945 and the Þrst locally acquired cases in Florida since 1934 (CDC 2010) . Although the reason for the recent re-emergence of DENV in the United States is unclear, it is possible that viremic travelers from areas where the disease is endemic could potentially reintroduce the virus upon entry to the United States (Wilder-Smith and Schwartz 2005 , Freedman et al. 2006 , Mohammed et al. 2010 ). This may result in local transmission in areas with abundance of highly susceptible and competent Ae. aegypti or Ae. albopictus mosquitoes. Therefore, populations in the United States, where these vectors occur, may be at risk of DENV infection. A random sampling of residents of Key West in 2009 found that Ͼ5% of the population had been exposed to the virus. By September 2010, an additional 62 cases of DENV occurred in Key West for a total of 90 cases reported between 2009 and 2010 (CDC 2011) , raising concerns of DENV resurgence in the continental United States. At the same time the DENV outbreak was occurring in Key West, record numbers of dengue cases were also reported in Puerto Rico (21,000 cases up from 10,500 cases in 2007) and the United States Virgin Islands (100 suspected and 30 conÞrmed cases) in 2010 (CDC 2011 ) raising concerns of a DENV epidemic.
Although laboratory conÞrmation of DENV in patients is readily available, there is still need for methods to rapidly identify DENV in mosquitoes to implement prompt, effective, personal protective, and vector control measures to prevent the spread of infection to, and within, human populations. Laboratory conÞrmatory assays of DENV infection include DENV-speciÞc quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR) or in vitro culturing of the virus isolated from specimens. These assays are only used in specialized laboratories, take a long time to complete, require specialized equipment and expert-trained personnel, and expensive reagents. A safe, easy-to-use assay that does not require highly technical equipment and expertise, or expensive reagents is needed to rapidly detect the virus circulating in mosquito vectors. Therefore, we evaluated a dipstick immuno-chromatographic assay, formatted similar to the VecTest assay for the West Nile Virus (WNV) (Ryan et al. 2003) , to identify the presence of DENV antigen in mosquitoes. SpeciÞcally, we determined the ability of the VectorTest DENV antigen assay to detect 1) a single DENV-infected mosquito in pools containing up to 24 uninfected mosquitoes and 2) a variety of strains of DENV from various regions where this virus is endemic. We also performed correlative analysis between the dipstick assay results and viral titers as determined by qRT-PCR, as well as the speciÞcity of the assay in the presence of a number of other (non-DENV) arthropod-borne viruses.
Materials and Methods
Dipstick Antigen Assay. The "dipstick assay" is a rapid immuno-chromatographic wicking assay similar to the WNV assay developed by Ryan et al. (2003) intended for the qualitative detection of DENV antigens in infected mosquitoes. The assay is based on the dual antibody "sandwich" principle and uses sensitive test strips. Several monoclonal antibodies were screened previously for suitable sensitivity and speciÞcity. Antibodies were produced from hybridoma cell lines, puriÞed, characterized, and then either conjugated with colloidal gold (Fernandez et al. 1994) or immobilized as capture antibodies on the dipsticks. Each dipstick contained an internal positive control to indicate reagent presence and wicking ability. If present, target pathogen antigen in the sample reacts with the antitarget conjugated antibody to form an antigenÐ conjugate complex. The antigenÐ conjugate complex migrates along the test strip, where it is captured by the immobilized antibodies. A reddish-purple line develops on the speciÞc area of the test zone to indicate the presence of the pathogen of interest. A control line, located between the test line and the excess material reservoir, always develops provided the test has been carried out correctly (Fig. 1) . Mosquito pools, containing up to 25 individual mosquitoes, were ground using copper-coated BBs by vortexing for 60 s in up to 0.5 ml of the proprietary VecTOR Test grinding solution (0.25 ml for pools containing Յ25 mosquitoes). After grinding, a test strip was inserted into the tube for 30 min, after which the strip was removed and read blinded to the infection status of the mosquitoes by a minimum of two individual readers while still wet.
Viruses and Infectious Virus Assays. We used 19 distinct strains of DENV to evaluate the dipstick assay (Table 1) . To produce working stocks of DENV, we infected Ae. albopictus (C6/36) cells (American Type Culture Collection, Manassas, VA) in T150 ßasks. The cells were grown in complete media consisting of EagleÕs minimum essential medium (EMEM; American Type Culture Collection) supplemented with antibiotics, NaHCO 3 , and 10% heat-inactivated fetal bovine serum (FBS; Invitrogen, Inc., Carlsbad, CA) at 28ЊC. Cells were infected using a multiplicity of infection of 0.1 and grown for 7Ð10 d at 28ЊC to produce stock viruses. These were then aliquoted and frozen at Ϫ80ЊC until used in various studies.
Preparation of Positive and Negative Controls. Mosquitoes were infected by intrathoracic inoculation (Rosen and Gubler 1974) with one of Þve strains of DENV serotypes 1, 2, or 4 or one of four strains of serotype 3 (Table 1) . To inoculate mosquitoes, DENV virus suspension was diluted in complete medium to a Þnal concentration of 10 5 plaque forming units (PFU)/ml. Uninfected mosquitoes were placed in a Ϫ20ЊC freezer for 45 s to knock them down and were then removed and placed in a 250-ml glass beaker on wet ice to keep them chilled. To inject the virus, a female Aedes mosquito was placed on her side and 0.3 l of the inoculum containing 10 5 PFU/ml (10 1.5 PFU/ mosquito) of one of the DENV serotypes injected into the thorax near the spiracle. The inoculated mosquitoes were placed into clean containers, provided a 10% sugar solution for a food source, and incubated at 28ЊC and 80 Ð90% relative humidity (RH) for minimum of 7 d. Legs from 10% of the mosquitoes were removed and tested by qRT-PCR to conÞrm disseminated infection. Infected mosquitoes were kept at Ϫ80ЊC until used. Three positive mosquitoes per isolate were used for a total of 57 positive samples.
Sample Preparation and Evaluation of Test Sensitivity With DENV-Infected Mosquitoes. To evaluate the assay, one infected mosquito was added to 24 uninfected Ae. aegypti. In addition, 50 pools containing 25 uninfected Ae. aegypti were used as negative controls. Samples were coded so that they were tested blind, and 500 l of grinding solution and two coppercoated BBs were added to each sample. These were then vortexed for Ϸ60 s to triturate the sample. As soon as the samples were triturated, 140 l of the homogenate was removed and placed into 560 l of Buffer AVL/Carrier RNA solution (Qiagen, Valencia, CA) and incubated at room temperature for 10 min and then stored at Ϫ80ЊC for later RNA extraction. A dipstick was added to the remaining homogenate and was removed after 30 min and read "blind" while wet by a minimum of two individual readers. For each specimen, the dipstick was interpreted as either negative (no visible detection line), questionable (a very faint, indistinct line), or positive (faint, distinct line ϭ ϩ, through dark, solid line ϭ ϩϩϩ) in comparison with the control line (ϩϩϩϩ). The homogenate in Buffer AVL/Carrier RNA was later processed for RNA extraction according to the manufacturersÕ instructions to conÞrm infection status. We then used a qRT-PCR as described in the Real-Time RT-PCR section to determine genome equivalent content.
Culture-Only Evaluation. DENV stocks were thawed and serial dilutions made to determine the limit of detection of the dipstick when evaluating pure virus from culture. The evaluation involved three isolates per serotype for a total of 12 isolates (Table 1) . We added 200 l of the grinding buffer to 100 l of the virus and mixed thoroughly. Serial dilutions were made by taking 30 l of the mixture and adding 270 l of the grinding buffer from each dilution. To conÞrm the presence of DENV, 140 l of the suspension was removed and added to into 560 l Buffer AVL/Carrier RNA solution and incubated at room temperature for 10 min for RNA extraction. The dipstick was inserted into the remaining mixture and left for 25Ð30 min and then read as described in the section on Sample Preparation and Evaluation.
Real-Time RT-PCR Assay. Total RNA was extracted from samples using QIAamp Viral RNA mini kit (Qiagen) according to the manufacturerÕs protocol. Samples were tested by qRT-PCR in 96-well plates using Taqman (SuperScript III Platinum One-Step qRT-PCR Kit, Invitrogen Inc., Carlsbad, CA) on an ABI 7,500 Fast real-time instrument (Applied Biosystems, Carlsbad, CA). The real-time data were analyzed using the SDS software provided by Applied Biosystems. Primer sequences were as follows: Den F (5Ј-GARA GACCAGAGATCCTGCTGTCT-3Ј) and Den R (5Ј-ACCATTCCATTTTCTGGCGTT-3Ј) and probe was (5Ј-AGCATCATTCCAGGCAC-3Ј) (Gurukumar et al. 2009 ). Standards were included on each 96-well plate along with samples in reaction mixtures contain- ing 10 l of Universal master mix, 0.5 l of Superscript Taq, 0.5 l of F primer, 1 l of R Primer, 0.2 l of probe, 0.04 l of ROX, 5 l of RNA, and nuclease-free water to a Þnal volume of 20 l. The thermal cycling parameters included reverse transcription at 60ЊC for 5 min and 95ЊC for 10 min, followed by 45 cycles of ampliÞcation at 95ЊC for 15 s and 60ЊC for 1 min.
Evaluation of Test Specificity. To determine if other viruses might cause a positive reaction with the dipstick assay, we inoculated mosquitoes intrathoracically with 0.3 l of a virus suspension containing 10 1.5Ð3.4 PFU/mosquito of the viruses listed in Table 2 and incubated them for at least 7 d at 27ЊC with apple slices provided as a carbohydrate source. The inoculated mosquitoes were then frozen at Ϫ70ЊC until used in these assays. Inoculated mosquitoes were thawed, their legs removed and triturated in 1 ml of diluent, and the bodies triturated in dipstick grinding solution.
For each group of specimens tested, at least two samples contained a DENV-inoculated mosquito as a positive control to ensure that the assay was working properly. All dipsticks were read "blind" by at least two individuals. The triturated legs were then tested by a plaque assay to conÞrm the presence of virus in those mosquitoes.
Stability Testing. To determine how storage conditions affected the stability of the dipstick, we stored dipsticks both inside and outside of the plastic storage container in an incubator maintained at 37ЊC and 80% RH or at 45ЊC without humidiÞcation. Dipsticks left in their original container for 2 yr at ambient temperature (Ϸ22ЊC) were also evaluated. These were tested by placing one DENV4 (Dominica/814669 strain)-inoculated mosquito in a pool with 24 uninfected Ae. aegypti in a 1-ml cryovial and processed and assayed as described earlier (either with or without a DENVinfected mosquito). All dipsticks were read blinded to the infection status of the mosquitoes to which they had been exposed. We also maintained dipsticks in closed containers with the original seal removed at 4, 28, 37, and 50ЊC (all at 80% RH) for testing at 3 h or at 1, 7, 29, and 60 d.
Results
Evaluation of Test Sensitivity and Specificity. During initial studies, we found that the DENV dipstick was able to detect Ն75% of positive samples when read within 20 Ð25 min, with accurate detection rates of 73, 80, 100, and 53% for DENV1Ð 4, respectively. However, when the dipsticks were allowed to wick for 26 Ð30 min, they detected all positive samples for each serotype. We did not detect any false positive after either time period. There was a strong correlation between dipstick readings (i.e., test line intensities) and genomic equivalent (ge) values for all DENV serotypes by qRT-PCR (Table 3) . However, ge values were markedly lower in DENV4 samples compared with the other three serotypes. For example a dipstick reading of 3ϩ for a mosquito infected with DENV3 contained 10 9.4 ge, while the same reading for a mosquito infected with DENV4 contained Ϸ10 6.3 ge. Although nearly all studies were carried out with pools of 25 mosquitoes, the immuno-chromatographic dipstick assay was able to detect a single DENV-infected mosquito in a pool containing 49 uninfected mosquitoes (data not shown).
To determine if the dipsticks would react to mosquitoes infected with other viruses, we tested mosquitoes inoculated with a variety of viruses ( Table 2) . The DENV dipstick antigen detection assay uniformly produced a clean negative result when tested with all non-DENV specimens, including four other members of the genus Flavivirus, and produced an easy-to-read positive result with mosquitoes inoculated with one of the various DENV used in this study.
Lastly, to address whether or not the dipstick could detect geographically distinct strains of DENV, we evaluated the dipsticks against Ae. aegypti mosquitoes a Neg, no detectable line; Ϯ, questionable (very faint, indistinct line); 1ϩ through, 3ϩ, positive ranging from a faint line (1ϩ) thorough dark, solid line (3ϩ).
b Range of titers observed for that dipstick reading in Log 10 ge/ml. that had been inoculated with strains of DENV from 14 different countries, including from countries from the Americas and Asia. The DENV dipstick assay readily detected all positive samples. Taken together, these data suggest that the DENV dipstick is reliable as it displays high speciÞcity and was able to detect mosquitoes capable of transmitting each of the serotypes and strains of DENV evaluated. Stability Testing. Dipsticks stored for up to 102 d (the longest time period tested) at 45ЊC in an opened and resealed plastic holding tube responded identically to mosquito pools as did dipsticks stored in closed tubes at ambient room temperature (Ϸ22ЊC); in that, they readily detected DENV antigen in all pools containing a known positive mosquito and correctly identiÞed all pools with only uninfected mosquitoes as negative. Dipsticks functioned normally for up to 60 d when maintained in the capped packaging at 4, 28, or 37ЊC (Fig. 2) . However, dipsticks stored at 50ЊC began to fail at 29 d, and although they were able to detect the positive sample, we observed minimal and incomplete wicking action when tested on day 29. By day 60, dipsticks stored at 50ЊC failed completely, with no wicking action observed during the 26 Ð30-min processing time. The dipsticks can withstand extreme temperatures in a sealed plastic container (Ͼ45ЊC and high humidity) for a maximum period of 30 d. Furthermore, dipsticks left in their original container for 2 yr at ambient temperature readily identiÞed DENVinfected and uninfected mosquitoes correctly.
Discussion
The VectorTest DENV antigen detection assay readily detected mosquitoes with a disseminated DENV infection and did not react to mosquitoes infected with a variety of other arboviruses. As such, it is similar to the WNV and St. Louis encephalitis virus assays that have been shown to be effective (Ryan et al. 2003) . One of the concerns with using a screening assay such as this is that the assay may not be able to detect antigenically diverse strains of the virus from different locations within its geographic range. During our studies, the DENV dipstick antigen detection assay readily detected mosquitoes with a disseminated infection with DENV strains from Jamaica, Puerto Rico, Thailand, Western PaciÞc, Peru, Papua New Guinea, Trinidad, Taiwan, Sri Lanka, Fiji, Indonesia, Mexico, Philippines, and Dominica. Therefore, this new assay should be reliable in detecting DENV, regardless of the origin of the strain of any DENV serotype present.
Because only a very small percentage of mosquitoes in nature are infected with an arbovirus, it is necessary to test mosquitoes in pools, often consisting of up to 25 mosquitoes. If the presence of tissues from all of these uninfected mosquitoes affects the assay (either by inhibiting the detection of a true positive mosquito or by causing a false positive response), then the assay would become impractical because it would be able to handle only a few specimens per assay. However, the assay evaluated here was unaffected by the presence of up to 24 uninfected mosquitoes.
Another concern is that antigens found in other viruses may interfere with the assay, thus producing a false positive test. To address this, we evaluated 12 other viruses for their ability to be detected by this assay. The DENV dipsticks correctly identiÞed these samples as negative for the DENV antigen while correctly identifying the samples in the same assay containing a DENV-infected mosquito as positive. Thus, this assay is speciÞc for DENV serotypes 1Ð 4 antigen.
Stability of assays, especially in hot and humid environments, may be a major concern especially in areas where refrigeration is not readily and constantly available. Dipstick storage at high ambient temperatures and humidity did not affect the performance of the assay as long as the dipsticks were maintained in their original containers, even if the containers were opened and resealed. In contrast, storage at high temperatures (Ն45ЊC) caused a signiÞcant degradation in the performance of the dipstick assay if they were stored outside their original package and exposed directly to high temperature (50ЊC) for Ͼ29 d. At ambient temperatures, the DENV dipstick assays remained stable for at least 2 yr. These results are similar to those of an immuno-chromatographic assay for Rift Valley fever virus (Turell et al. 2011) . This assay will therefore not require refrigeration for storage and would be suitable for use in Þeld settings and in areas with minimal to no electricity.
Although preliminary and still requiring Þeld conÞrmation, our evaluation indicated that the dipstick assay for DENV is accurate and practical for laboratory and Þeld use. The assay did not require any specialized equipment, reagents, or training and provided results in as little as 15 min after the specimens were sorted into pools and ground. However, waiting for 30 min increased the sensitivity. This simple and robust assay could enable public health workers to detect DENV in infected mosquitoes rapidly without the need for specialized equipment, expertise, or training, making virus surveillance more expedient. During an outbreak, when infected specimens are relatively abundant, a test with high speciÞcity and relatively low sensitivity can be very useful for de- tecting areas that need special attention for intervention. Additional studies are needed to conÞrm that this assay will work under Þeld conditions and that exotic mosquitoes and the presence of exotic animal blood in these mosquitoes will not affect the functionality of the assay.
